The authors report record high temperature performance of a novel long wavelength vertical cavity laser using an electron barrier, operating continuous-wave up to 71 ° C. A record high characteristic temperature ( T O ) of 132K has been measured over an operating range of -75 to 35 ° C.
Long wavelength vertical cavity surface emitting lasers (VCSELs) are attractive sources for fibre optic communication, offering an economic alternative to in-plane lasers with the capability for on wafer testing and ease of packaging. However, useful devices must reliably withstand operation at elevated temperatures. Recent design improvements such as the incorporation of a selective laterally oxidised current aperture and a top emitting structure have led to vastly improved high temperature operating characteristics [1] and output powers [2] . In this Letter, we report the operation up to 71 ° C of a novel 1.5 µ m double-fused VCSEL incorporating an electron barrier in the active region. The enhanced thermal characteristics of the device are due to a combination of novel active region, improved mirror design, and lowered fused junction voltage.
The device structure consists of two Al(Ga)As/GaAs mirrors grown on GaAs substrates by molecular beam epitaxy (MBE) fused to an InGaAsP/InP active region grown on an InP substrate by metal organic chemical vapour deposition (MOCVD). A schematic diagram of the device is shown in Fig. 1 . Details of the fusion conditions are reported elsewhere [1] . The top p -mirror consists of 25.5 quarter wave periods of GaAs/Al 0.9 Ga 0.1 with a single 40nm Al 0.98 Ga 0.02 As layer for selective lateral oxidation placed 145nm from the GaAs/InP fused junction. The 10 closest mirror periods to the active region have a relatively low bulk carbon doping of 2 × 10 The active region incorporates two InGaP barrier layers on either side of the multiquantum well region. A schematic band diagram of the active region is shown in Fig. 2 . The active region consists of six 7nm 1%-strained quantum wells (QWs) with seven 7nm thick barriers. The emission wavelength of the barriers is 1180nm. On either side of the active region is a strain compensating In 0.9 Ga 0.1 P layer and a 300nm InP cladding. The InGaP barriers serve both to compensate for the compressive strain in the QWs and increase the confinement energy of the electrons in the active region by 30meV relative to InP. Considering a simple thermi-ionic emission model this confinement energy increase can decrease the current leakage out of the active region by a factor of 3 at elevated temperatures (~50 ° C).
The room temperature (RT) photoluminescence peak of the active region is at 1542nm and the lasing mode is at 1507nm. Fig. 3 shows the high temperature L-I curves of a device with a 6 µ m oxide opening. The threshold current at RT is 2.1mA, and the threshold voltage is 2.4V. The improved temperature performance of this device cannot be attributed to the misalignment of the gain peak and optical mode at RT, as the gain-offset increases with temperature. The gain peak and mode wavelength shifts with temperature are 0.54 and 0.11nm/K, respectively [3] . The zero gain offset is calculated to be at -53 ° C and the optimum temperature for low threshold operation is expected at -123 ° C when the mode wavelength is 30nm longer than the gain peak wavelength [3] . To further analyse the temperature sensitivity of the device, the dependence of threshold current on temperature was measured from -190 to 70 ° C, as shown in Fig. 4 . A record characteristic temperature of 132K is measured in the temperature range -75 to 35 ° C. This exceeds the best reported value of 95K for InGaAlAs/InP 1.55 µ m Fabry-Perot lasers [4] and the more typical values reported for InGaAsP 1.55 µ m lasers that fall in the 60-70K range.
Many factors contribute to the high characteristic temperature measured. The high thermal conductivity of the AlAs/GaAs mirror 
-fused junction. The placement of strain compensating layers outside the active region allows for the QW barriers to be almost unstrained. Compared to previously used barriers with large tensile strains, a larger valence band offset results, decreasing both the hole concentration in the barriers and intravalence band absorption, which is the largest contributor to internal absorptive losses. The combination of these improvements result in device operation at lower threshold current densities and far from the gain saturation regime. This minimises the carrier density increase necessary to maintain constant gain at elevated temperatures.
In summary, there are three major factors contributing to the improved performance of this device over those previously fabricated. The use of carbon doping enables 90% Al(Ga)As/GaAs mirrors to be used in the top p -mirror as opposed to the Be doped 67% Al(Ga)As/GaAs mirrors formerly used, reducing the loss. The low operating voltage of the device contributes to reduced device heating. Finally, the introduction of an In 0.9 Ga 0.1 P barrier layer to the active region acts both as a strain compensation mechanism for compressively strained QWS, and to increase the confinement energy of the electrons in the active region, reducing carrier leakage at higher temperatures. The InGaP barriers also act to reduce intravalence band absorption in the active region, allowing the device to operate in a regime less sensitive to temperature. Further improvements in device performance can be expected by better alignment of the gain peak and cavity mode at room temperature.
